Reliable, quantitative predictions of the structure of peptides based on their amino-acid sequence information are an ongoing challenge. We here explore the energy landscapes of two unsolvated 20-residue peptides that result from a shift of the position of one amino acid in otherwise the same sequence. Our main goal is to assess the performance of current state-of-the-art density-functional theory for predicting the structure of such large and complex systems, where weak interactions such as dispersion or hydrogen bonds play a crucial role. For validation of the theoretical results, we employ experimental gas-phase ion mobility-mass spectrometry and IR spectroscopy. While unsolvated Ac-Ala 19 -Lys + H + will be shown to be a clear helix seeker, the structure space of Ac-Lys-Ala 19 + H + is more complicated. Our first-principles structure-screening strategy using the dispersion-corrected PBE functional (PBE + vdW . We also take harmonic vibrational and rotational free energy into account. Including this, the PBE0 + MBD* functional predicts only one unique conformer to be present at 300 K. We show that this scenario is consistent with both experiments.
Exploring the conformational preferences of 20-residue peptides in isolation: Ac-Ala 19 Reliable, quantitative predictions of the structure of peptides based on their amino-acid sequence information are an ongoing challenge. We here explore the energy landscapes of two unsolvated 20-residue peptides that result from a shift of the position of one amino acid in otherwise the same sequence. Our main goal is to assess the performance of current state-of-the-art density-functional theory for predicting the structure of such large and complex systems, where weak interactions such as dispersion or hydrogen bonds play a crucial role. For validation of the theoretical results, we employ experimental gas-phase ion mobility-mass spectrometry and IR spectroscopy. While unsolvated Ac-Ala 19 -Lys + H + will be shown to be a clear helix seeker, the structure space of Ac-Lys-Ala 19 + H + is more complicated. Our first-principles structure-screening strategy using the dispersion-corrected PBE functional (PBE + vdW ) or a many-body dispersion correction (PBE + MBD*, PBE0 + MBD*). We also take harmonic vibrational and rotational free energy into account. Including this, the PBE0 + MBD* functional predicts only one unique conformer to be present at 300 K. We show that this scenario is consistent with both experiments.
Introduction
Weak interactions such as van der Waals dispersion or hydrogen bonds are ubiquitously important in fields as diverse as liquids, catalysis, gels, polymers, and biology. The description of systems whose properties are determined by a sensitive balance of such subtle interactions presents a challenge to theory. For peptides, this challenge is moreover paired with a high flexibility of the peptide backbone leading to a conformational space that grows exponentially with the peptide length. Much effort is currently devoted to pushing the capabilities of first-principles approaches towards larger (bio)molecular systems and more accurate methods, e.g., documented for the sampling of the conformational space of peptides (up to B100 atoms 14, 17, 18, 23 ). We here focus on a particular problem from peptide science to address the reach of current methods, namely the conformational landscape of two protonated 20-residue peptides Ac-Ala 19 -Lys + H + and Ac-Lys-Ala 19 + H + . The conformational preferences of these peptides were part of a landmark series of experimental studies by Jarrold and co-workers based on ion mobility-mass spectrometry, [24] [25] [26] showing how different conformational preferences of peptide chains can be rationalized by experiments in vacuo. Both peptides are therefore excellent and influential model systems to study the reach and current limits of experiment and theory for peptide conformations, which is why we focus on them in this work. Importantly, both peptides are large enough to include secondary and partially even tertiary structure. As shown below, two different structure-sensitive experimental methods, ion mobility-mass spectrometry and vibrational spectroscopy, yield seemingly contradictory results for Ac-Lys-Ala 19 + H + (globular vs. helical structure prototypes). If correct, this mismatch would indicate a serious problem in at least one of these widely employed experimental approaches. Our exhaustive theoretical structure search resolves this conflict by identifying a lowest-energy conformer that matches both experimental resultsbut only by applying a rather high level of theory that is not yet standard for large peptide chains today.
Energy landscapes and systematic errors
From a theoretical point of view, it would be desirable to be able to quantitatively predict the energy landscape of a given peptide sequence. However, all theoretical methods that can practically be used to address this problem present approximations to reality. Small errors in the description of the energy landscape will particularly affect the case of energetically close conformers. Here, relatively small, conformer-dependent misrepresentations of the potential-energy surface (PES) will directly affect the balance of the different conformations. Thus, an accurate representation of the underlying PES is needed. This is one of the challenges that is consistently emphasized in reviews such as ref. 27-29. In the field of protein simulation and structure prediction, much work is based on empirical parametrized models of the PES, so called ''force fields''. Their range of validity is restricted by the chosen functional form on the one hand and the (necessarily) limited size of the training data set used in the fitting process of the parameters on the other hand. Given the high-accuracy requirements needed for the quantitative description of protein or peptide structure, it would be desirable to describe the PES in a first-principles picture based on the solution of the many-body Schrödinger equation. Due to the explicit quantum-mechanical description, such approaches have a wider range of validity than force fields. However, depending on the level of approximation, they come at a much higher computational cost and are thus restricted to smaller system sizes. Methods such as CCSD(T), often viewed as the gold standard of quantum chemistry, are practically infeasible for systems larger than a few amino acids. Due to its good compromise between efficiency and accuracy, density-functional theory (DFT) is increasingly used in the field of protein research. [30] [31] [32] While DFT is an exact theory in principle, the exchange-correlation functional has to be approximated though, and different approximations exist. This is critical for the study of peptide structure as conformers may eventually differ by only a few meV per residue or even less, so that small errors of the method can lead to different predictions for the most stable structures.
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Scope of this work
In this work, we address the conformational landscapes of the unsolvated 20-residue peptides Ac-Ala 19 -Lys + H + and
Ac-Lys-Ala 19 + H + . For peptides of this size (220 atoms), the only currently feasible benchmark for approximate theoretical methods is clean experimental data. In order to critically assess our theoretical results, we build on experimental gas-phase data from mid-range infrared multiple photon dissociation (IRMPD) spectroscopy and ion mobility-mass spectrometry (IM-MS). The measurements are compared to calculated infrared (IR) spectra from ab initio molecular dynamics (aiMD) and calculated collision cross sections (CCSs) for the lowest-energy structures. We here assess different levels of theory and show that only the highest level of theory considered predicts a scenario, namely a conformer that shows a helix-turn-helix motif, which is in agreement with both experiments. In the literature, there are (at least) two flavors of DFT functionals: flavors involving explicit empirical parametrization, and those where free parameters are determined from certain exact physical constants. Our preference in this paper is to assess the most successful generalized gradient approximation (GGA) and hybrid functional from the latter series, namely the PBE 36 and the PBE0 37 functionals. Taking more functionals into account would add more data points to the picture, but would not fundamentally change the result, especially since we obtain a result consistent with both experiments as shown below.
To include the long-range tail of dispersion interactions, we couple each of the functionals with a dispersion correction. For this purpose, we use a state-of-the-art pairwise correction 38 (PBE + vdW TS , PBE0 + vdW TS ) and a many-body dispersion correction scheme 4, 39 (PBE + MBD*, PBE0 + MBD*), both depending on the self-consistent electron density. In contrast to the pairwise method, the MBD* approach is not a simple sum over pairwise potentials. The method presents a higher level of theory from a fundamental point of view by capturing all orders of many-body interactions in the dipole approximation. It has been shown that taking many-body dispersion interactions into account becomes increasingly important for large system sizes. 3 We describe the method in more detail in the Methodology Section. To account for the fact that the experiments are conducted at room temperature, we further include harmonic vibrational and rotational contributions to the free energy. In this work, we find only a-helical conformations for Ac-Ala 19 -Lys + H + in the low-energy ensemble, as previously suggested by a series of landmark experiments by Jarrold and co-workers. [24] [25] [26] The most favorable protonation site is the sidechain amino group of lysine. 25 In an ideal a-helix, the four backbone carbonyl oxygens closest to the C-terminus are not involved in backbone hydrogen bonds. Force-field based modelling by Jarrold and co-workers [24] [25] [26] suggests that in the Ac-Ala 19 -Lys + H + helix three of the free backbone carbonyl oxygens are capped by hydrogen bonds with the protonated lysine amino group, thus stabilizing a helical conformation. In an a-helix the peptide groups C(QO)-N(H) are aligned along the helical axis. This results in a helix dipole pointing from the C-to the N-terminus. Thus, the positive charge at the C-terminal lysine residue is close to the negative end of the helix dipole, leading to an electrostatically favorable interaction (cf. right side of Fig. 1 ). Consequently, when displacing the protonated lysine residue Lys(H + ) to the N-terminus, the helix-stabilizing factors are missing and a helical conformation is destabilized. In the same series of studies by Jarrold and co-workers mentioned above, [24] [25] [26] the preferred conformations of Ac-Lys-Ala n + H + were characterized as ''globular'', still retaining some helical parts. However, the specific low-energy conformation or conformational ensemble was not unambiguously identified. In this work, we explore to what extent the conformation(s) can be assessed on a quantitative level. Including harmonic vibrational and rotational contributions to the free energy, for n = 19, we here show that the PBE + vdW TS functional predicts a scenario of specific competing conformersa scenario already observed previously in gas-phase experiments for molecules such as Bradykinin. 40, 41 The PBE0 + MBD* functional with its higher accuracy produces a subtly changed picture, indicating that only a unique single conformer with well-defined secondary structure may be dominant. We show that the latter scenario would be in agreement with our experimental data.
Methodology
This section summarizes the central methodological aspects of our study. We also refer to the ESI † for more information on the experiments (peptide synthesis, IM-MS, and IRMPD) and calculations (structure searches, IR spectra). In order to sample the conformational space of the peptides under study, we perform a combined force field/DFT approach based on replica-exchange molecular dynamics (REMD), [42] [43] [44] [45] zooming into the relevant parts of the structure space with increasing level of theory. All preliminary, force-field based REMD calculations were carried out using the GROMACS program package 46 and the OPLS-AA force field. 47 All DFT calculations were performed using the all-electron program package FHI-aims based on numeric atom-centered orbital basis sets. 48, 49, 76 In FHI-aims, there are different preconstructed computational defaults, categorised as ''light'', ''tight'', and ''really tight'' settings with increasing accuracy. For the chemical elements relevant to this work, ''light'' settings include so-called ''tier1'' basis sets, while ''tight'' settings include the larger ''tier2'' basis sets. Furthermore, the accuracy of the multipole expansion of the Hartree potential and the integration grids is increased. This is summarized in more detail in Table 1 . Most importantly, ''light'' settings are usually used for prerelaxations, while ''tight'' settings ensure that energy differences are converged to the meV-level also for large structures. 16, 48 We verified this explicitly for this work by recomputing the conformational energy hierarchy of the most important conformers identified by us, called C1 to C6 below, with the largest available ''really tight'' settings and the largest available predefined basis sets (''tier 4'' 48 ), yielding differences of less than 0.005 kJ mol À1 per atom. While local sampling with ab initio REMD was performed with ''light'' computational settings, all results (IR spectra and CCS geometries) that we compare to experiment as well as potential and free energies discussed in the manuscript are based on ''tight'' computational settings. The addition of vdW long-range interactions to DFT functionals has been shown to dramatically and systematically improve their performance on the description of molecular systems (including polyalanine). 5, 50 As mentioned above, we here employ two different vdW correction schemes. The first one, 38 denoted as ''vdW TS '' in the functional description, is an atom-pairwise approach, where the effective C 6 dispersion coefficients depend on the self-consistent electron density. In this way, hybridization effects are successfully taken into account. Still, the method is computationally cheap compared to approaches using non-local correlation functionals. The second approach is a many-body scheme, which is called MBD@rsSCS or MBD* for short. 4, 39 In this method, the atoms of the molecule are modelled as spherical quantum harmonic oscillators, which are coupled through dipole-dipole interactions. In a first step, one obtains self-consistently screened (SCS) polarizabilities and oscillator frequencies by using the self-consistent screening equation of classical electrodynamics. In order to avoid double-counting effects, the dipole-interaction tensor used to describe the interaction between the oscillators is range-separated (rs) and only the short range is taken into account in the screening equation. Hence, the name MBD@rsSCS, which we abbreviate here by MBD*. In a second step, the long-range dispersion energy is evaluated by diagonalizing the many-body Hamiltonian using the screened polarizabilities and frequencies obtained in the first step (for further details see ref. 39 ). As mentioned above, this takes all orders of many-body interactions within the dipole approximation into account. The approach is equivalent to the random-phase approximation (RPA) for the correlation energy for the chosen model system. 51 In contrast, the pairwise approach corresponds to the second-order term of the RPA expression. Both the vdW TS and the MBD* schemes are coupled with the PBE 36 as well as the PBE0 37 functional. In the PBE0 functional, a fraction of exact exchange is added in the Hartree-Fock spirit to decrease the self-interaction error. In total we assess four different functionals: PBE + vdW TS , PBE + MBD*, PBE0 + vdW TS , and PBE0 + MBD*. As described above, from a fundamental point of view, PBE0 represents a higher level of theory than PBE, and MBD* represents a higher level of theory than vdW TS .
For this reason, PBE0 + MBD* is thus expected to yield the most reliable results. It was recently shown by Rossi et al. 14 that PBE0 + MBD* (in combination with zero-point corrections) yields excellent results for Ac-Phe-Ala 5 -LysH + , a peptide similar to the systems studied in this work. There, the PBE0 + MBD* functional including zero-point corrections comes closest to explaining the previously experimentally established conformers and their relative abundances, 23, 52 even when compared to a study that involved 19 other DFT functionals, as well as HartreeFock and second-order Møller-Plesset (MP2) theory. 18 Free energies were calculated using the harmonic oscillatorrigid rotor approximation. The vibrational frequencies are obtained using a finite-difference approach and the PBE + vdW TS functional.
IR spectra were derived from aiMD trajectories by calculating the Fourier transform of the autocorrelation function of the dipole time derivative. 15, 20, 53 In this way, they account for anharmonicities of the PES within the classical-nuclei approximation. The aiMD runs were 25 ps long and were performed using the microcanonical ensemble with a time step of 1 fs after thermalizing at 300 K for at least 4-5 ps using the BussiDonadio-Parrinello thermostat. 54 The IRMPD spectra were recorded for ions at room temperature using the free-electron laser FELIX 55 in combination with the Fourier transform ion cyclotron (FT-ICR) 56 mass spectrometer. The IM-MS data shown in Fig. 1 were collected using a Synapt G2-S travelling-wave IM-MS instrument. The absolute CCSs given in Table 3 were determined with an in-house built drift tube (DT) IM-MS apparatus (cf. Fig. S1 in ESI †). In order to connect to the experimentally determined CCSs we calculated CCSs for our structure models (PBE + vdW TS geometries). For this, we employed the trajectory method (TJM) 57, 58 as implemented in the Mobcal program. 59 In the TJM approach, the collision integral of the molecule and the colliding helium atom is explicitly evaluated. For this, the scattering angle of the helium atom is obtained by calculating trajectories of the helium atom in an effective He-peptide potential, where each atom in the peptide is represented by a (12,6,4)-potential (Lennard-Jones term plus ion-induced dipole interactions). We used 500 000 TJM trajectories per single conformer and the Hirshfeld 60 charges of the PBE density.
Results

Experimental data
We begin with the experimental data collected in this work. The left side of Fig. 1 shows measured room-temperature ion mobility drift times for Ac-Lys-Ala 19 + Na + (top) and Ac-Lys-Ala 19 + H + (bottom). Na + terminated polyalanine has been shown before to be consistent with helical structure in the gas phase by Kohtani et al. 61 as well as in a recent, joint experiment-theory study. 19 Thus, the large peak for Ac-Lys-Ala 19 + Na + in IM-MS can be identified with the drift time of a helix. In contrast, the dominant peak for Ac-Lys-Ala 19 + H + appears at a much shorter drift time, corresponding to a smaller overall cross section, and is here labelled as a ''globule''. This situation is analogous to that described by Jarrold 26 for Ac-Lys-Ala 15 + H + versus Ac-Ala 15 -Lys + H + . Accordingly, we associate the small peaks flanking the main peak for Ac-Lys-Ala 19 + H + with C-terminal protonated helices and helical dimers just like in Jarrold's case. 26 The right side of Fig. 1 shows measured room-temperature IRMPD spectra probing the vibrational frequencies of the unsolvated peptides Ac-Ala 19 20, 66, 67 in that the amide I/II modes will shift to lower/higher frequencies upon bond making. Despite subtle differences such as a shift of the amide II peak by 10 wavenumbers, the IR spectrum of Ac-Lys-Ala 19 
Conformational search by first-principles theory
Apart from an accurate description of the PES, a reliable theoretical prediction of the conformational space of both peptides requires a search method that efficiently samples the large conformational space. The conformational search strategy employed here is independent of and, thus, complementary to the experimental evidence shown in Fig. 1 and in the literature. 15, 24, 26 We here employ a four-step approach to sample the conformational space of both Ac-Ala 19 Step 2) In order to identify the most important structure types, we extracted snapshots (each 2 ps) of the 300 K REMD trajectory and sorted them into families according to their rootmean square deviation (RMSD). 69 For this, we took the backbone atoms and the nitrogen and carbon atoms of the lysine side chain into account and used a cut-off of 0.5 Å. For each cluster, we identified the midpoint structure, which is the structure with the lowest average RMSD to all other structures in the cluster. Subsequently, we optimized the cluster midpoint structures using the force field. For Ac-Lys-Ala 19 Fig. S3 of the ESI, † we are able to find structures that are lower in energy than the ones proposed by the force field, thus further eliminating a force-field bias.
The results of this four-step cascade search approach will be addressed in the following sections. Furthermore, in Section 4.2, we discuss the influence of higher-level exchange-correlation functionals (PBE + MBD*, PBE0 + vdW TS , PBE0 + MBD*).
Energy surfaces
The lowest-energy structure for Ac-Ala 19 -Lys + H + is a-helical (see Fig. 2(a) left side) . For all local minima of the PBE + vdW TS PES that were found in our structure search, we plot the RMSD against the lowest-energy structure versus the relative energy. All of them are essentially a-helical with only the termini deviating from the ideal conformation (we illustrate this for six exemplary conformations). Thus, Ac-Ala 19 -Lys + H + is a structure seeker with the energy of the conformers rising with increasing RMSD with respect to the lowest-energy structure.
On the other hand, for Ac-Lys-Ala 19 + H + we do not find only a single structure type. Interestingly, the peptide chain is long enough so that the structures consist of more than one secondary-structure element. In order to classify the structures, we focus on these elements, with special focus on helical hydrogen bonds (a-helical or 3 10 -helical hydrogen bonds, or otherwise). We identify six structural prototypes within the lowest 16.4 kJ mol À1 . The lowest-energy representatives are depicted in Fig. 2(c) , where their total-energy and free-energy differences at 300 K are given in Table 2 . The a-and 3 10 -helical segments are color coded in red and blue, respectively. The structure types are labelled C1 to C6 with increasing energy. C1 contains an a-helical segment roughly in the middle of the chain, where the two ends are antiparallely aligned. Three different exemplary structures of the C1 type are shown in Fig. 2(b) . C2 consists of an a-and a 3 10 -helical segment, which are connected by a turn. At the N-terminus, C3 has a small loop, which connects to an a-helical part. In the C4 type, the peptide chain forms a complete loop comprising an a-helical segment with a small 3 10 -helical fraction at its end. C5 consists of an a-helical part that is connected by a turn to a 3 10 -helical twist that connects to a 2 7 -helical strand. C6 is similar, but consists of two a-helical segments. All structures share a common stabilizing structural motif, namely that the positively charged lysine NH 3 + group is twisted around to the electrostatically negative end of the largest a-helical section. 25 The plot in Fig. 2(b) shows how close in energy the lowestenergy structures C1 to C6 are, while being very distant in threedimensional structure. For instance, a large gap in conformational space (based on RMSD) may indicate an energy barrier separating C1 from the alternative basins.
Ac-Lys-Ala 19 + H + : helical models
As discussed above, apart from the main peak assigned to compact conformers in the IM-MS measurements of Ac-Lys-Ala 19 + H + in Fig. 1 , there are also two other small peaks. Those peaks originate most likely from small amounts of helical dimers and helical monomers. 26 For this reason, we performed two individual structure searches for these conformational types.
For helical dimers, the structure search is analogous to the one described above for the Ac-Lys-Ala 19 + H + monomers.
Specifically, for the OPLS-AA-based REMD run, we used 22 replicas in the temperature range between 300 K and 904 K (total simulation time: 4.4 ms). We clustered the snapshots (each 2 ps) of the 300 K trajectory in an analogous fashion as described for the monomers. After relaxing the midpoint structures of all clusters with OPLS-AA, we found 2180 dimer geometries, of which we fully relaxed the 96 lowest-energy ones with PBE + vdW TS . The Ac-Lys-Ala 19 + H + dimers differ in the geometries of the terminations, alternative twist angles of the helical axes, and shift between the helices. For the two lowest-energy PBE + vdW TS structures we followed up with PBE + vdW TS REMD runs with analogous settings as described above (total simulation time: 2 Â 160 ps). The two lowest-energy structures are depicted in Fig. 3 . Notably, these are more stable than the monomer C1 with a free-energy difference of À76.1 and À78.0 kJ mol À1 per monomer, respectively. However, the process of dimer formation depends on the partial pressure of the monomers, which is very low in the gas phase. This makes dimer formation rather Table 2 . 
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improbable explaining the rather small amount of helical dimers observed in the IM-MS experiments. As discussed above, the small peak flanking the main peak in the IM-MS drift-time distribution for Ac-Lys-Ala 19 + H + at the right side is consistent with helical monomers (see Fig. 1 ). For this reason, we also performed structure searches to find typical conformations of a-helical model peptides for Ac-Lys-Ala 19 + H + .
We consider the two cases that the proton is either located at the N-terminal lysine or close to the C-terminus as suggested by Jarrold and co-workers. 25, 26 As especially in the latter case, the proton needs to be free to hop between the C-terminal carbonyl oxygens, we employ a pure first-principles (PBE + vdW TS ) search using REMD as most force fields do not allow for bond breaking. The lowest-energy conformers for both types are depicted in Fig. 3 . More details about the search can be found in the ESI. † Both structure models are significantly higher in energy than the lowest-energy monomer C1. This applies especially to the model with the proton at the N-terminal lysine (DF = 234.0 kJ mol À1 ) consistent with the unfavorable electrostatic interaction of the helix dipole with the positively charged lysine. The model structure with the proton close to the C-terminus is about 44.7 kJ mol À1 higher in free energy than C1, suggesting that it should not be populated in experiment. However, there is a small fraction of helices observed in the IM-MS measurements. We will return to this issue further below.
Discussion
Structure assignment
It is established from previous experimental and theoretical work, 15, 17, 24, 26 and fully by our simulations, that Ac-Ala 19 -Lys + H + forms a-helices in the gas phase. However, for Ac-Lys-Ala 19 + H + the situation is more complicated with several structural types that are competing in the low-energy PBE + vdW TS regime.
For a truly predictive picture, we have to resolve structural energy differences of significantly less than 0.1 kJ mol À1 per atom. This is challenging for the employed PBE + vdW TS functional and to any applicable approximate electronicstructure method. Based on previous benchmark studies, 5, 14, 50 we expect an average error for the PBE + vdW TS functional itself (PES) to be as high as 11 kJ mol À1 for a 20-residue peptide.
For relatively similar structures, the situation should be less severe, though. Even if this error seems high, it is already less than half the error expected for the standard functionals (no long-range vdW effects), and between 2 to 5 times lower than what is predicted for standard force fields (polarizable or not). In order to assess to what extent we are able to describe a peptide system of this size, we connect to the experimental data by calculating CCSs and IR spectra for the PBE + vdW TS structure models. The calculated CCSs for the C1 to C6 monomers and for the dimers and the helical models are given in Table 3 together with the experimental CCSs obtained with a home-built drifttube instrument. To begin with, the calculated CCSs are in qualitative agreement with the experimental measurements. Considering the width of the IM-MS peak assigned to Ac-LysAla 19 + H + globules in Fig. 1 , we see that it is similar (if not even smaller) to the width of the peak for Ac-Lys-Ala 19 + Na + , which is expected to be only one dominant helical conformer. Such a narrow peak width for the Ac-Lys-Ala 19 + H + globules can arise for different reasons: (i) there is indeed only one dominant conformer present in experiment, (ii) there are several conformers with essentially the same CCS present, (iii) or there is a rapid interconversion of different conformers so that each conformer travels through the drift tube with the same time-averaged CCS. In order to assess the latter possibility, we need to determine barriers, which is even more difficult than to determine energy differences on which we concentrate here. However, any possible scenario of a There is a shallow peak seen in the arrival time distribution. It could correspond to dimers, but the intensity is too low for a reliable assignment. rapid interconversion of conformers C1 and C6 could explain the relatively narrow, single peak observed in experiment. A coexistence picture can be ruled out: having a closer look at the different calculated CCSs for the compact monomers, we see that C1 and C3 (group A) have very similar CCSs and C2, C4, C5, and C6 (group B) have very similar CCSs. A co-existence of conformers from group A and B would result in two different peaks, which is obviously not the case (see Fig. 1 ). We thus conclude that there should be either only conformers from group A or group B present to a measurable extent. Furthermore, the measured values point to group B rather than to group A since, in absolute terms, the calculated CCSs for group B are in better agreement with the measured ones. However, the PBE + vdW TS functional in combination with free energies at 300 K predicts C1 (from group A) to be the dominant conformer. C2 is also predicted to be present to a measurable extent, namely by about 6% of the amount of C1, according to Boltzmann populations. Thus, the scenario predicted by PBE + vdW TS plus free-energy corrections is not in line with the IM-MS measurements. The second piece of experimental evidence is the IRMPD spectrum. To relate to the IRMPD experiment in Fig. 1 , we derived IR spectra from aiMD simulations performed using the PBE + vdW TS functional. In this way, they include finite T anharmonic effects within the classical-nuclei approximation. For reasons of computational cost, we only calculated those spectra for selected conformers, where we chose the four lowest-energy structure types C1, C2, C3, and C4 and the lowest-energy fully helical conformer with the proton located close to the C-terminus. The spectra in Fig. 4 do reflect a considerable variation of their detailed peak positions and shapes in the wavenumber range between 1100 and 1750 cm À1 .
IRMPD experiments rely on the absorption of several photons, which can affect the relative band intensities. 70 For a comparison between experimental and calculated spectra it would thus be favorable to attribute more weight to the peak positions rather View Article Online than to intensity. As this is not easy to be accomplished by a purely visual comparison, we employ the Pendry reliability factor R P , 71 as an unbiased, numerical criterion for a theoryexperiment comparison. Instead of comparing the intensities I 1 and I 2 themselves, R P achieves greater sensitivity to the peak positions by comparing the renormalized logarithmic derivatives with
the approximate half width of the peaks (here taken to be 10 cm
À1
). The Pendry reliability factor is then evaluated by
a perfect agreement between two spectra yields R P = 0, while R P = 1 means no correlation. We calculate R P including a rigid shift Dx of the theoretical spectrum with respect to experiment. 15 Such shifts have been described before 15, 20, 53, 65, 72 and most likely reflect a systematic mode softening due to the chosen exchange correlation functional and missing nuclear quantum effects. As the R-factor is sensitive to small kinks in the signal, the experimental data were smoothed before comparing to the theoretical spectra. This is described in detail in the supporting information. To account for broadening effects in experiment, the theoretical spectra were convoluted with a Gaussian function with a variable width of 0.5% of the wavenumber. Different widths do not show qualitative differences in the resulting R-factors. Both the completely helical and the C2, C3, and C4 conformers match the experiment much more closely (R P = 0.29, 0.31, 0.33, and 0.34, respectively) than the conformer C1 (R P = 0.44). While in low-energy electron diffraction crystallography a variance for R P can be defined, mingling of systematic and statistical errors and a limited data base makes it difficult to transfer this concept to vibrational spectroscopy. However, as a benchmark, we found R P E 0.32 for a similar peptide where the correct structure is known. 15 Based on this, the Pendry R-factor value of 0.31 obtained for conformer C2 (Fig. 4 ) reflects good agreement, but not clearly statistically better than C3 or C4. The calculated spectrum for C1, on the other hand, shows worse visual agreement with experiment, and the Pendry R-factor (0.44) captures this difference quantitatively. Accordingly, we would suggest C2, C3, and C4 to be possible candidates, while C1 is rather not the dominant conformer. This in line with the IM-MS results, but in disagreement with the PBE + vdW TS prediction. However, on the other hand, we also see that a good agreement of the theoretical and the experimental spectrum does not necessarily imply that the corresponding structure is actually present in experiment. As shown above, large contributions to the experimental spectra from completely a-helical conformations can be ruled out by the experimental IM-MS results, although the agreement of the spectrum with experiment is good. Moreover, C2 and C3 yield a very similar agreement with the experimental spectrum although they should not be coexisting based on the IM-MS results. The similarity of the IRMPD spectra for Ac-Lys-Ala 19 + H + and AcAla 19 -Lys + H + might thus be a problem of structure sensitivity of the method in this wavenumber region. In order to encourage future experiments, we also show the IR range between 2500 and 3700 cm À1 , which is more conformer sensitive (see Fig. 4 , right side). In order to convolute the spectrum in a higher wavenumber region with a similar width as the spectra between 1000 and 1736 cm À1 , we used a Gaussian function with a width of 5 cm À1 . The predicted IR intensity for C1, C3, and C4 is rather spread out in this range, while it is more concentrated around 3400 cm À1 for the most helical C2 conformer and the helical model. This is similar to what Martens et al. 19 experimentally observed for compact versus helical sodiated polyalanines.
Advanced exchange-correlation treatment
As discussed above, the structure predictions of the PBE + vdW TS functional (including free-energy corrections) for Ac-Lys-Ala 19 + H + are not in line with the experimental findings.
As mentioned above, we performed calculations with more refined exchange-correlation functionals: the PBE functional coupled with a many-body dispersion correction (PBE + MBD*) and the PBE0 functional coupled to the pairwise and the manybody dispersion correction (PBE0 + vdW TS , PBE0 + MBD*),
respectively. Compared to the PBE functional and the pairwise correction, the hybrid PBE0 functional and the MBD* dispersion correction are both higher levels of theory from a fundamental point of view. Thus, the PBE0 + MBD* functional is expected to give the most reliable results. For Ac-Ala 19 -Lys + H + , we recalculated the energy hierarchy of the 16 lowest-energy conformers that we identified in our structure search using the PBE + vdW TS functional as described in Section 3.3. All structures are a-helical with only small deviations close to the termini (cf. Fig. 2 ). While the energy hierarchies obtained with the different functionals differ in the details (see Fig. 5 ), all functionals agree on the lowestenergy structure. With all tested functionals the ideal a-helix, where the lysine side chain is bent to form hydrogen bonds with the carbonyl oxygens close to the C-terminus as depicted on the left side of Fig. 2 , is predicted to be lowest in energy. For Ac-Lys-Ala 19 + H + , we relaxed all 1026 PBE + vdW TS conformers obtained from the 300 K REMD trajectory as discussed in Section 3.2 also with the PBE + MBD* functional. We did not find any structure types other than C1 to C6 within the lowest 19 kJ mol À1 . For a further assessment, we thus concentrated on C1 to C6 and also on the helical structure with the proton close to the C-terminus. In order to compare local minima of the respective PES, we relaxed those seven structures with the corresponding functional leading to only marginal changes quantified by RMSDs of less than 0.1 Å. For the PBE-based functionals, we used ''tight'' computational settings for the relaxation, while for the PBE0-based functionals we employed a slightly smaller basis set (see ESI †) for the relaxation and then followed up with single-point calculations using ''tight'' settings. The energy differences obtained with the different functionals for C1 to C6 are given in Table 2 and the energy hierarchies are illustrated in Fig. 5 . Exchanging the pairwise dispersion correction for the many-body scheme (PBE + MBD*), the C2 conformer becomes the most stable conformer by 7.2 kJ mol À1 . Also when exchanging the PBE functional for PBE0 (PBE0 + vdW TS ), the C2 conformer becomes more stabilized and is almost isoenergetic to C1 (0.4 kJ mol À1 ).
This means that both the higher-level MBD* method and the higher-level PBE0 functional stabilize C2 with respect to C1. For PBE0 + MBD*, C2 is significantly separated from the other conformers by 11.5 kJ mol À1 . In the next step, we include harmonic vibrational and rotational contributions to the free energy at 300 K. The relative free energies of conformers C1 to C6 are given in Table 2 . The changes in the energy hierarchy are illustrated in Fig. 6 for both PBE + vdW TS and PBE0 + MBD*, where the vibrational frequencies were obtained using the PBE + vdW TS functional. With respect to C1, the largest change occurs for the helix, which becomes significantly more stabilized. This is because helices have softer vibrational modes than more compact conformers. 17, 73 Among the rather compact structures C1 to C6 the changes in the energy hierarchies are relatively small. C2 becomes more stabilized, being separated from all other structures by 15.4 kJ mol À1 in PBE0 + MBD* meaning that C2 should be the only observable structure type. This scenario with C2 being the only populated conformer would be in agreement with both the IM-MS data and the IR spectrum. In other words, Ac-Lys-Ala 19 + H + might not yield a conformational ensemble after all, even at T = 300 K.
In all functionals (also including free-energy corrections at 300 K) the helical model structure (with the proton close to the C-terminus) is significantly higher in energy than all other structure types (shown in Fig. 6 for PBE + vdW TS and PBE0 + MBD*). According to the corresponding Boltzmann factor, it should not be populated to a measurable extent. However, the IM-MS measurements (see Fig. 1 ) show a small fraction of helical monomers. This discrepancy can arise for different reasons: on the one hand, it might be an inherent error of the functionals -although, given the large predicted energy difference, this possibility seems rather remote. On the other hand, we might not have found the lowest-energy helical model structure during our structure search. The structure looks reasonable with the lysine side chain bent to interact with the acetyl group and the proton located at a position so that it can interact with the C-terminal carbonyl group. However, we also saw that small geometrical rearrangements can already lead to changes in energy of the order of 10 kJ mol À1 (see Fig. S3 of the ESI †). Moreover, Jarrold 26 suggests that the helical structures arise from a dissociation of dimers. If there is a high energy barrier, the helices might indeed be trapped in this local minimum. Force fields are commonly used in the description of the structure and dynamics of proteins. We have already described in Section 3.2 that the conformational energy hierarchies from OPLS-AA and PBE + vdW TS do not agree. In Fig. S2 of the ESI, † we computed the energy hierarchies of the C1 to C6 monomers using a higher-level force field, namely the polarizable force field AmoebaPro13 74 (shown in Fig. S4 of the ESI †). For AmoebaPro13, the C3 conformer has the lowest energy, with C4 following very closely. In a scenario of coexisting conformers, this would not be in line with the experimental IM-MS data. The ideal a-helix depicted on the left side of Fig. 2 is highlighted in red. The x-axis gives the RMSD (heavy atoms) of each conformer with respect to this structure to partially resemble the plots in Fig. 2 . Ac-Lys-Ala 19 + H + :
energy hierarchies for structure types C1 to C6. The RMSD values are given with respect to C1. Fig. 6 Comparison of total energy differences (PES) and free energy differences at 300 K for the Ac-Lys-Ala 19 + H + conformers using the PBE + vdW TS functional (left) and the PBE0 + MBD* functional (right). C1 is taken as the reference. Free energies were calculated using the harmonic oscillator-rigid rotor approximation at 300 K based on the PBE + vdW TS vibrational frequencies. 
Conclusions
We here study the two peptides Ac-Ala 19 -Lys + H + and Ac-LysAla 19 + H + , where a protonated lysine residue is located at the C-and the N-terminus, respectively. The structure of peptide chains is determined by the competition of several different factors. For the systems studied here particularly relevant contributions are: the self-solvation of charged groups in a vacuum environment, the known strong helix-forming propensity of alanine, 75 the interaction of the helix dipole with the positive charge at the lysine residue, stabilizing hydrogen-bond networks at the termini, and the intramolecular van der Waals dispersion contribution. Capturing the subtle balance of these and other terms with quantum-mechanical accuracy for long peptide chains is a challenge, especially in conjunction with a huge conformational space. Yet, for fully quantitative predictions of the exact structural characteristics of peptides and proteins in any environment, as well as more generally for any system, where weak interactions such as dispersion or hydrogen bonds are important, this challenge must be met. For the specific peptides studied in this work, the helixforming propensity of alanine and the electrostatic interactions of the positive charge at Lys(H + ) with the helix dipole are the dominant terms. 25, 26 In this work, we assess the current reach of DFT to quantitatively describe the conformational space of large peptides based on the specific example of Ac-Lys-Ala 19 cannot explain the experiments, while we find that the prediction of the higher-level PBE0 + MBD* functional would be in agreement with the experimental data. This means that PBE0 + MBD* (including free-energy corrections at 300 K) and both experiments could agree on the picture of one outstanding conformer, which consists of an a-helical segment and a 3 10 -helical segment in an antiparallel arrangement. Given the complexity of the structure prediction problem, especially with increasing size of the peptide chain, it is very promising that we are actually able to theoretically predict a structure that is in agreement with both experiments. We can further conclude that the energetic proximity of other conformers and the potential errors of less accurate energy functionals would make it extremely difficult for any less accurate method to arrive at the unique experimental result. For systems of this size and above, predicted structural conclusions from standard force fields and standard density functionals must thus be viewed with caution. It is, however, encouraging that higheraccuracy functionals are becoming increasingly more capable to penetrate this size range.
